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(This foreword is not part of this standard. It is merely informative and does not contain
requirements necessary for conformance to the standard. It has not been processed according to the
ANSI requirements for a standard and may contain material that has not been subject to public
review or a consensus process. Unresolved objectors on informative material are not offered the right
to appeal at ASHRAE or ANSI.)

FOREWORD

This revision of Standard 41.9-2021 makes it easier for the higher-tier ASHRAE standards to adopt this
standard by reference, updates the uncertainty requirements, and updates the steady-state criteria
sections. This revision meets ASHRAE's mandatory language requirements.

1. PURPOSE

This standard prescribes methods for measuring mass flow rates for refrigerants and refrigerant/lubricant
mixtures using calorimeters.

2. SCOPE

2.1 This standard applies to measuring mass flow rates for refrigerants and refrigerant/lubricant mixtures
using calorimeters in laboratories.

2.2 This standard applies where the entire flow stream of the refrigerant or the refrigerant/lubricant mixture
enters the calorimeter as a subcooled liquid and leaves as a superheated vapor (evaporator-type).

2.3 This standard applies where the entire flow stream of the refrigerant or the refrigerant/lubricant mixture
enters the calorimeter as a superheated vapor and leaves as a subcooled liquid (condenser-type).

3. DEFINITIONS
The following definitions apply to the terms used in this standard.
accuracy: the degree of conformity of an indicated value to the true value.

calorimeter: athermally insulated apparatus containing a heat exchanger that determines refrigerant mass
flow rate by measuring the heat input/output that will result in a known enthalpy change for the refrigerant.

error: the difference between the test result and its eerrespending true value.

lubricant circulation rate: the ratio of the mass of lubricant circulating through a refrigerant system to the
total mass of refrigerant and lubricant flowing through the system at a specified set of operating conditions.

measurement system: the instruments, signal conditioning systems, if any, and data acquisition system if
any.

operating tolerance limit: the upper or lower value of an operating tolerance that is associated with a test
point or a targeted set point.

post-test uncertainty: an analysis to establish the uncertainty of a test result after conducting the test.
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pretest uncertainty: an analysis to establish the expected uncertainty for a test result before conducting the
test.

random error: the portion of the total error that varies randomly in repeated measurements of the true value
throughout a test process.

refrigerant mass flow rate: the mass flow rate of refrigerant potentially mixed with lubricant.
secondary fluid: a fluid of known properties that is used as a heating or cooling medium.
secondary refrigerant: a refrigerant of known properties that is used as a heating medium.
steady-state criteria: the criteria that establish negligible change of refrigerant mass flow with time.

subcooling: at a defined pressure, the difference between a given liquid temperature and the bubble point
temperature.

superheat: at a defined pressure, the difference between a given vapor temperature and the dew point
temperature.

systematic error: the portion of the total error that remains constant in repeated measurements of the true
value throughout a test process.

targeted set point: a specific set of test conditions where the required refrigerant mass flow rate is known
and has an associated operating tolerance.

test point. a specific set of test operating conditions for recording data where the measured required
refrigerant mass flow rate is unknown and has an associated operating tolerance.

true value: the unknown, error-free value of a test result.
uncertainty: the limits of error within which the true value lies.

unit under test (UUT): a compressor or condensing unit that is the subject of refrigerant mass flow rate
measurements.

4. CLASSIFICATIONS

4.1 Calorimeter Types. Calorimeters that are within the scope of this standard are classified either as
evaporator calorimeters or as condenser calorimeters.

4.1.1 Evaporator calorimeters:

a. Secondary refrigerant calorimeter.
b. Secondary fluid calorimeter.
c. Primary refrigerant calorimeter.

4.1.2 Condenser calorimeter
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5. REQUIREMENTS
5.1 Test Plan. The test plan shall be one of the following options:

a. A document provided by the person or the organization that authorized the tests and calculations
to be performed.

A method of test standard.

A rating standard.

A regulation or code.

o a0 o

Any combination of a. through d.
The test plan shall specify:

a. The minimum value for the accuracy or the maximum value of measurement uncertainty of
the refrigerant mass flow rate measurement system over the full range of operating conditions.

b. The values to be determined and recorded are to be selected from this list: refrigerant mass flow
rate, pretest refrigerant mass flow rate measurement uncertainty, post-test refrigerant mass flow
rate measurement uncertainty, and lubricant circulation rate.

c. Any combination of test points and targeted set points to be performed together with operating
tolerances.

5.2 Values to be Determined and Reported. The test values to be determined and reported shall be as
shown in Table 5-1. Use the unit of measure in Table 5-1 unless otherwise specified in the test plan in
Section 5.1.

Table 5-1 Measurement Values and Units of Measure

Units of Measure

Quantity S P
Refrigerant mass kilogram per second pound (avoirdupois) per hour
flow rate (kg/s) (1bm/h)
Uncertainty in the . . .
. kilogram per second pound (avoirdupois) per hour
refrigerant mass flow
(kg/s) (Ibw/h)
rate
Lubrlcanrta(t:érculatwn Dimensionless Dimensionless

5.3 Refrigerant Mass Flow Rate. Determine the refrigerant mass flow rate, kg/s (Ibm/h), through the unit
under test using one of the test methods described in Sections 7 through 10 unless otherwise specified in
the test plan in Section 5.1

5.4 Pretest Uncertainty Analysis. If required by the test plan in Section 5.1, perform an analysis to establish
the expected uncertainty for each refrigerant mass flow rate test point prior to the conduct of that test in
accordance with the pretest uncertainty analysis procedures in ASME PTC 19.1%.

5.5 Post-test Uncertainty Analysis. If required by the test plan in Section 5.1, perform an analysis to
establish the refrigerant mass flow rate measurement uncertainty for each refrigerant mass flow test point
in accordance with the post-test uncertainty analysis procedures in ASME PTC 19.1!. Alternatively, if
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specified in the test plan, the worst-case uncertainty for all test points shall be estimated and the same value
reported for each test point.

5.6 Lubricant Circulation Rate

5.6.1 The lubricant circulation rate through the calorimeter shall be not more than 2% unless otherwise
specified in the test plan in Section 5.1.

5.6.2 Lubricant circulation rate measurements shall be made in compliance with Section 11 unless the
UUT includes a lubricant separator that limits the lubricant circulation rate to not greater than 1000

5.6.3 Any lubricant removed from the refrigerant by a lubricant separator shall be returned to the
refrigerant circuit in compliance with Section 5.6.3.1 or 5.6.3.2.

5.6.3.1 If the lubricant separator is integral to the UUT, the lubricant that is removed from the
refrigerant in the separator shall be returned to the refrigerant circuit where it is returned in the
UUT.

5.6.3.2 If an auxiliary lubricant separator is required, the lubricant from the auxiliary lubricant
separator shall be returned to the refrigerant circuit at a location downstream of the calorimeter
outlet.

5.7 Lubricant Sampling Port. A sampling port shall be provided for extracting samples of liquid
refrigerant and circulating lubricant for use in determining lubricant circulation rates if required by Section
5.6.

(Informative Note: Sampling port should be located on a straight section of pipe with minimal flow
disturbance nearby. Internal volume between the actual tap point and an isolation valve should be
minimized to reduce the quantity of stagnant fluid that will be drawn into the sample vessel.)

5.8 Steady-State Criteria for Refrigerant Mass Flow Rate Measurements. Refrigerant mass flow rate
test data shall be recorded at steady-state test conditions unless otherwise stated in the test plan in Section
5.1. Section 5.9 describes unsteady-state refrigerant mass flow rate test data recording if required by the
test plan.

5.8.1 Steady-State Criteria for Compressors that do not Incorporate Pulse-Width Modulation.
Refrigerant mass flow rate test data shall be recorded at steady-state conditions unless otherwise specified
in the test plan in Section 5.1. If the test plan requires refrigerant mass flow rate test data points to be
recorded at steady-state test conditions and provides the operating condition tolerance but does not specify
the steady-state criteria, then determine that steady-state test conditions have been achieved using one of
the following methods:
a. Apply the steady-state criteria in Section 5.8.1.1 if the test plan provides test points for refrigerant
mass flow rate measurement.
b. Apply the steady-state criteria in Section 5.8.1.2 if the test plan provides targeted set points for
refrigerant mass flow rate measurement.

5.8.1.1 Steady-State Refrigerant Mass Flow Rate Criteria for Test Points
Starting with the time set to zero, sample not less than 30 refrigerant mass flow rate measurements N at
equal time intervals §t over a test duration At where At is in time units. Equation 5-1 states the relationship

5
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of the test duration to the number of refrigerant mass flow rate samples and the equal time intervals.
At = (N —1)ét (5-1)

(Informative Note: Circumstances for measurement vary, so the user should select a duration of
test and the equal time intervals based upon the longest period of the observed refrigerant mass
flow rate fluctuations during operation near the steady-state conditions.)

Record each sampled refrigerant mass flow rate measurement m; and the corresponding time ¢;. Apply the
least-squares line method to determine the slope b of the refrigerant mass flow rate data trend line using
Equation 5-2.

b= {[zv(zigm)—(zéim)(zéilmi)]} (52)
[V 6)- (2 )]

(Informative Note: 1t should be noted that the units for the slope in Equation 5-2 are refrigerant
mass flow rate, kg/s (Ibm/h), divided by the units that the user has selected for time.)

The mean of the sampled refrigerant mass flow rates 1 is defined by Equation 5-3.

m =+ 2, (i), ke/s (Ibw/h) (5-3)

The difference between the maximum and minimum sampled values must be less than or equal to the
specified test operating tolerance as defined in Equation 5-4 where 7, is the operating tolerance limit.

Mmax — Mmin < My kg/s (Ibw/h) (5-4)
The restriction on the slope of the trend line b is defined in Equation 5-5 where At is the sample time

interval.

Ibx At] < 0.5 x m, ke/s (Ibwh) (5-5)

1, as determined by Equation 5-3, represents the steady-state mean refrigerant mass flow rate where
Equations 5-4 and 5-5 are both satisfied.

(Informative Note: For further reading about methods of determining steady-state conditions,
refer to Informative Appendix A — Bibliography items A1l and A2.)

5.8.1.2 Steady-State Refrigerant Mass Flow Rate Criteria for Targeted Set Points

Starting with the time set to zero, sample not less than 30 refrigerant mass flow rate measurements N at
equal time intervals 6t over a test duration At where At is in time units. Equation 5-6 states the relationship
of the test duration to the number of samples and the equal time intervals.

At = (N —1)dt (5-6)
(Informative Note: Circumstances for measurement vary, so the user should select a duration of
test and the equal time intervals based upon the longest period of the observed refrigerant mass

flow rate fluctuations during operation near the steady-state conditions.)

Record each sampled refrigerant mass flow rate measurement m; and the corresponding time ¢;. Apply the

6
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least-squares line method to determine the slope b of the refrigerant mass flow rate data trend line using
Equation 5-7.

b— {[N(z?iltimi)—(z?ilri)(z?ilma]} (57)
VL ) 0)]

(Informative Note: It should be noted that the units for the slope in Equation 5-7 are refrigerant
mass flow rate, kg/s (Ibm/h), divided by the units that the user has selected for time.)

The mean of the sampled refrigerant mass flow rates m is defined by Equation 5-8.

m =~ 2, (i), ke/s (Ibw/h) (5-8)

The difference between the maximum and minimum sampled values must be less than or equal to the
specified test operating tolerance as defined in Equation 5-9 where 7, is the operating tolerance limit.

Mpax — Minin < My kg/s (Ibw/h) (5-9)

The restriction on the slope of the trend line b is defined in Equation 5-10 where At is the sample time
interval.
|b x At] < 0.5 X 1 kg/s (Ibw/h) (5-10)

The difference between the test condition and mean of the sampled values shall be less than or equal to
half of the specified operating tolerance limit as defined in Equation 5-11 where riigp is the set point mass
flow rate and m;, is the operating tolerance limit.

lrigp — 1| < 0.5 X 111, kg/s (Ibw/h) (5-11)

m, as determined by Equation 5-8, represents the steady-state mean refrigerant mass flow rate where
Equations 5-8, 5-9, and 5-10 are all satisfied.

(Informative Note: For further reading about methods of determining steady-state conditions,
refer to Informative Appendix A — Bibliography items Al and A2.)

5.8.2 Steady-State Criteria for Compressors that Incorporate Pulse-Width Modulation.
Compressors that incorporate pulse-width modulation vary the refrigerant flow rate by alternatively
switching the refrigerant flow on-and-off for variable time intervals at a specific frequency. To illustrate
the principles, Figure 5-1 shows the theoretical cycle, modeled as a square-wave, for the refrigerant flow in
a pulse-width modulated compressor that is switched on to deliver 50% load.

Refrigerant
Flow On
Refrigerant
Flow Off
50% 50%
L One Cycle

Figure 5-1: Theoretical cycle of refrigerant flow rate for a
pulse-width modulated compressor that delivers 50% load

7
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The off-and-on changes in the refrigerant flow illustrated in Figure 5-1 cause comparable changes in
(a) suction and discharge temperatures, (b) suction and discharge pressures, and (c) compressor power
input if measurement of the compressor power input is required by the test plan in Section 5.1. So,
each data sample shall consist of the following recorded measurements:

1. Refrigerant mass flow rate, kg/s (Ibm/h)

Suction temperature, °C (°F)

Discharge temperature, °C (°F)

Suction pressure, kPa (psia)

Discharge pressure, kPa (psia)

6. Power input, W (W), if required by the test plan in Section 5.1.

wbk WD

The time interval for recording test samples shall be determined from Equation 5-12 if the load is less
than 50%, or from Equation 5-13 if the load is 50% or greater.

tes = -2 (5-12)
¢ = toff (5-13)
ts n

where
ts = time interval between sequential test samples
fon = time interval in each cycle that the refrigerant flow is on
tort = time interval in each cycle that the refrigerant flow is off
n = an integer not less than 5

Each data set is comprised of not less than 30 consecutive cycles of test samples. Not less than 3

sequential data sets shall be recorded for each test data point.

Steady-state operation for a pulse-width modulated compressor shall be established where the following

requirements have been achieved unless otherwise specified in the test plan in Section 5.1:

a. The recording time interval for each data set shall be within £5% of the average recording time
interval for the combined data sets.

b. The refrigerant mass flow rate recorded for each data set shall be within +2% of the average
refrigerant mass flow rate for the combined data sets.

c. The pressure and temperature tolerances must be within the test condition tolerances during data
recording specified in each calorimeter method.

(Informative Note: See Sections 7.7, 8.7, 9.7, and 10.7 for the test condition for each method.)

5.9 Unsteady-State Refrigerant Mass Flow Rate Measurements. If required by the test plan in Section
5.1, refrigerant mass flow rate test data shall be recorded:

at operating conditions that are not steady state,

at the time intervals specified in the test plan,

within the test condition limits specified in the test plan,

using instrument response times specified in the test plan.

oo

5.10 Refrigerant Properties. Refrigerant properties shall be obtained from NIST Reference Fluid
Thermodynamic and Transport Properties Database (REFPROP)? or from the refrigerant supplier if a
constituent of the refrigerant being tested is not included in REFPROP.

5.11 Input Power. Compressor input power shall be measured in compliance with ANSI/ASHRAE 41.11°
if required by the test plan in Section 5.1.
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5.12 Safety Requirements. Test apparatus shall be designed in compliance with ANSI/ASHRAE 15.*
Materials of construction shall be selected based on refrigerant flammability, toxicity, structural strength,
rigidity, corrosion resistance, chemical compatibility with the fluid, and wear resistance.

6. INSTRUMENTS
6.1. Instrumentation Requirements for All Measurements

6.1.1 Instruments and data acquisition systems shall be selected to meet the measurement system
accuracy or uncertainty specified in the test plan in Section 5.1.

6.1.2 Measurements from the instruments shall be traceable to primary or secondary standards
calibrated by the National Institute of Standards and Technology (NIST) or to the Bureau International
des Poids et Mesures (BIPM) if a National Metrology Institute (NMI) other than NIST is used. In either
case, the indicated corrections shall be applied to meet the uncertainty stated in subsequent sections.
Instruments shall be recalibrated on regular intervals that do not exceed the intervals prescribed by the
instrument manufacturer, and calibration records shall be maintained. Instruments shall be installed in
compliance with the instrument manufacturer’s requirements or the manufacturer’s accuracy does not

apply.
6.1.3 Instruments shall be applied and used in compliance with the following standards:

Temperature: ANSI/ASHRAE 41.1°

Pressure: ANSI/ASHRAE 41.3°

Lubricant circulation rate: ANSI/ASHRAE 41.47
Coolant liquid flow rate: ANSI/ASHRAE 41.8’

S R

6.2 Temperature Measurements. If temperature measurements are required by the test plan in Section
5.1, the temperature measurement system accuracy shall be within the following limits unless otherwise
specified in the test plan.
a. Temperature measurement system accuracy shall be within +0.28°C (£0.5°F) for laboratory
applications.
b. Temperature difference measurement system accuracy for laboratory applications shall be within
+1.0% of the measured temperature difference but not more accurate than +£0.1°C (+0.2°F).

(Informative Note: Informative Appendix D describes sources of temperature measurement errors.)
6.3 Pressure Measurements.

6.3.1 If pressure measurements are required by the test plan in Section 5.1, the pressure measurement
system accuracy shall be within =7 kPa (£1 psia) unless otherwise specified in the test plan. If absolute
pressure sensors are not used, the barometric pressure shall be added to the gage pressure readings to
obtain absolute pressure values prior to performing uncertainty calculations.

6.3.2 If differential pressure measurements are required by the test plan, the pressure measurement
system accuracy shall be within =£1% of the measured pressure difference but not more accurate than
+7 kPa (+1 psia) unless otherwise specified in the test plan. Pressure shall be measured in close
proximity to the flow meter in compliance with the flow meter manufacturer’s specifications.
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6.4 Coolant Liquid Flow Rate Measurements. If the UUT or the selected calorimeter method includes
coolant liquid flow rate measurement, the measurement system errors shall be measured within +1.0% of
reading in laboratory applications unless otherwise specified in the test plan in Section 5.1.

6.5 Time Measurements. Time measurement system accuracy shall be within £0.5% of the elapsed time
measured, including any uncertainty associated with starting and stopping the time measurement unless (a)
otherwise specified in the test plan in Section 5.1, or (b) a different value for time measurement system
accuracy is required to be consistent with the refrigerant flow rate measurement system accuracy specified
in the test plan.

6.6 Mass Measurements. If mass measurements are required by the test plan in Section 5.1, the
measurement system errors shall be within £0.2% of the reading unless otherwise specified in the test plan.

7. SECONDARY REFRIGERANT CALORIMETER METHOD

7.1 Equipment Description. A secondary refrigerant calorimeter method, shown schematically in Figure
7-1, shall consist of two independent fluid circuits located in heat exchange relationship to each other. The
primary refrigerant evaporator coil is suspended in the upper portion of an insulated pressure vessel. The
secondary refrigerant in the lower portion of the same vessel provides the heat required to evaporate the
primary refrigerant. Heat input to the calorimeter is supplied to the liquid portion of the secondary
refrigerant. A refrigerant control device that serves as a variable flow restriction shall be included in the
calorimeter.

Informative Notes:
1. The refrigerant control device and the refrigerant line to the calorimeter should be insulated.
2. Section 7.4 requires the heat leakage from the calorimeter to be less than 5%.
3. Temperature sensors should be shielded from circulating air as described in Informative Appendix

E.
Refrigerant
Control t e

Device Evaporator Coil

Inlet B
& )

( » Outlet

Secondary Refrigerant

bl

Heat Input = @, . .

Figure 7-1: Secondary Refrigerant Calorimeter Method

7.2 Calorimeter Safety Features. The calorimeter shall be equipped with (a) a safety switch that will stop
the flow of heat into the secondary refrigerant and (b) a spring-actuated or rupture-disk type pressure relief

10
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valve. The pressure settings for the safety switch and the pressure relief valve shall be determined by the
test equipment manufacturer, and the safety switch setting shall be set to open at 85% of the pressure relief
valve.

7.3 Test Data. Test data to be recorded at each steady-state test condition in compliance with Section 5.7:
a. Primary refrigerant vapor pressure at the evaporator outlet P..

Primary refrigerant vapor temperature at the evaporator outlet 7>.

Primary refrigerant liquid pressure entering the refrigerant control device P,.

Primary refrigerant liquid temperature entering the refrigerant control device 7.

Ambient air temperature surrounding the calorimeter 7.

Secondary refrigerant pressure Ps.

Heat input to the secondary refrigerant Oy.

Total input power to the UUT, if required by the test plan in Section 5.1.

S 0o ao o

7.4 Heat Leakage. The heat leakage to the surroundings for each calorimeter shall be measured once and
the results shall be applied to all subsequent refrigerant mass flow rate measurements. The heat leakage
shall be less than 5% of the heat input to the calorimeter.

(Informative Note: Additional insulation is needed if the heat leakage exceeds 5% of the heat input to the
calorimeter.)

7.4.1 Heat leakage of a secondary refrigerant calorimeter shall be determined as follows:

a. The ambient temperature around the calorimeter components shall not exceed 49°C (120°F) and
shall be stable within £0.6°C (£1°F) during the test.

b. With no primary refrigerant circulating, the heat input to the secondary refrigerant shall be set to
control the saturated temperature of the secondary refrigerant to not less than 49°C (120°F) above
ambient temperature and shall be stable within +£0.6°C (+1°F) during the test.

c. Secondary refrigerant saturated temperature readings shall be recorded at one-hour intervals until
four successive saturated temperature reading are within £0.6°C (£1°F).

d. This heat leakage test measures the heat leakage out of the calorimeter because Ts > T,, but the
leakage into the calorimeter equals the leakage out of the compressor if these temperatures are
reversed. For this calorimeter method, the heat leakage is into the calorimeter because the
evaporator temperature is less than the ambient temperature during mass flow rate testing.

7.4.2 The heat leakage coefficient shall be determined using Equation 7-1:

UA = (TQ_—T) (7-1)

where
0O, = calorimeter heat leakage, W (Btu/h)
UA = heat leakage coefficient, W-°C (Btu/h-°F)

T = secondary refrigerant saturated temperature, °C (°F)
T, = ambient temperature surrounding the calorimeter, °C (°F)

7.4.3 Heat leakage measured at each test point during subsequent calorimeter tests shall be determined
using Equation 7-2:

11
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Qq = UA(Ts — Tp) (7-2)

where
0O, = calorimeter heat leakage, W (Btu/h)
UA = heat leakage coefficient obtained from Equation 7-1, W-°C (Btu/h-°F)
T, = ambient temperature surrounding the calorimeter, °C (°F)
T = secondary refrigerant saturated temperature, °C (°F)

7.5 Preparations

7.5.1 A sampling port shall be provided for extracting samples of liquid refrigerant and circulating
lubricant for use in determining lubricant circulation rates if required by Section 5.6.

7.5.2 The refrigerant system shall be leak tested. Use a vacuum pump to evacuate the refrigerant system
to a pressure less than 26.7 Pa (200 microns). After achieving this vacuum, close valves to isolate the
refrigerant system from the vacuum pump for not less than 15 minutes. During that time, the pressure
shall not be greater than 28.7 Pa (215 microns) unless otherwise specified in the test plan.

7.5.3 If the refrigerant system is not pre-charged with lubricant, install the lubricant charge as prescribed
by the UUT manufacturer, and then evacuate the system to less than 26.7 Pa (200 microns) unless
otherwise specified in the test plan. Then charge the system with the specified refrigerant type and the
quantity of refrigerant required for calorimeter testing.

7.6 Operating Procedures

7.6.1 Vary the refrigerant control to set the calorimeter outlet pressure P, specified in the test plan in
Section 5.1.

7.6.2 Vary the heat input to the calorimeter to regulate the refrigerant vapor temperature exiting the
calorimeter 7> to achieve the superheat specified in the test plan in Section 5.1.

7.6.3 Vary the condenser cooling flow rate or temperature to set the pressure entering the refrigerant
control device Py specified in the test plan in Section 5.1.

7.6.4 Set the subcooling specified in the test plan in Section 5.1.

7.6.5 Lubricant circulation rate measurements, if required by Section 5.6, shall be made using the
procedures defined in Section 11.

7.7 Test Condition Tolerances during Data Recording

7.7.1 The mean of pressures P, and P, shall be maintained within +1% of the pressures specified in the
test plan.

7.7.2 Temperature 7> shall be maintained within £1°C (£2°F) of the temperature specified in the test
plan.

7.7.3 The refrigerant vapor exiting the calorimeter shall have not less than 2.8°C (5°F) of superheat.

12
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7.7.4 The refrigerant liquid entering the refrigerant control device shall have not less than 5.6°C (10°F)
of subcooling and shall be maintained within £0.6°C (£1°F) during the test.

7.7.5 Variations in the ambient air temperature surrounding the calorimeter components shall be limited
to within £4°C (+7°F).

7.8 Refrigerant Mass Flow Rate Calculations. Refrigerant mass flow rates measured using the secondary
refrigerant calorimeter method shall be calculated using Equation 7-3:

(Qrn+Qq)
(hz—hy) (7-3)
where:
m = refrigerant mass flow rate, kg/s (Ibn/h)
Or=  measured heat input to the calorimeter, kW (Btu/h)
O,= calorimeter heat leakage obtained from Equation 7-2, kW (Btu/h)
h,=  primary refrigerant vapor enthalpy at the calorimeter outlet, kJ/kg (Btu/lbm)
hy=  primary refrigerant enthalpy at the inlet of the refrigerant control device, kl/kg

(Btu/lbnm)

7.9 Post-Test Refrigerant Mass Flow Rate Measurement Uncertainty. Post-test measurement
uncertainty in the refrigerant mass flow rate measurement shall be estimated using the procedures
prescribed in Section 12 if required by the test plan in Section 5.1.

8. SECONDARY FLUID CALORIMETER METHODS

8.1 Equipment Description. A secondary fluid calorimeter shall consist of two independent fluid circuits
located in heat exchange relationship to each other. The refrigerant enters the calorimeter as a subcooled
liquid and leaves the calorimeter as a superheated vapor. A secondary fluid with known transport properties
circulates through the outer circuit and provides the heat required to evaporate the refrigerant. A refrigerant
control device that serves as a variable flow restriction shall be included in the calorimeter.

(Informative Notes:
1. The refrigerant control device and the refrigerant line to the calorimeter should be insulated.
2. Section 8.4 requires the heat leakage from the calorimeter to be less than 5%.
3. Temperature sensors should be shielded from circulating air as described in Informative Appendix
E)

Figure 8-1 is a schematic of a secondary fluid calorimeter that uses a single-phase liquid as the secondary
fluid.

(Informative Note:
Water and brine are examples of single-phase liquids that are used in secondary fluid calorimeters.)
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Figure 8-1: Secondary Fluid Calorimeter That Uses a Single-Phase Liquid

Figure 8-2 is a schematic of a secondary fluid calorimeter that uses a two-phase fluid as the secondary fluid.

(Informative Note: Steam is an example of a two-phase fluid that is used in secondary fluid calorimeters.)
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Figure 8-2: Secondary Fluid Calorimeter That Uses a Two-Phase Fluid

8.2 Calorimeter Safety Features. The calorimeter shall be equipped with a safety switch that will stop the
flow of heat into the secondary fluid and a spring-actuated or rupture-disk type pressure relief valve. The
pressure settings for the safety switch and the pressure relief valve shall be determined by the test equipment
manufacturer, and the safety switch setting shall be set to open at 85% of the pressure relief valve.
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8.3 Test Data

8.3.1 Single-Phase Liquid Secondary Fluid. Test data to be recorded at each steady-state test
condition in compliance with Section 5.7 where a single-phase liquid is used as the secondary fluid:
Refrigerant vapor pressure at the evaporator outlet P».

Refrigerant vapor temperature at the evaporator outlet 7>.

Liquid refrigerant pressure at the refrigerant control device inlet P,.
Liquid refrigerant temperature at the refrigerant control device inlet 7.
Ambient air temperature surrounding the calorimeter 7.

Single-phase liquid temperature entering the calorimeter 75,;.
Single-phase liquid temperature exiting the calorimeter 7.
Single-phase liquid mass flow rate m,,,.

Total input power to the UUT, if required by the test plan in Section 5.1.

R

—

8.3.2 Two-Phase Secondary Fluid. Test data to be recorded at each steady-state test condition in
compliance with Section 5.7 where a two-phase fluid is used as the secondary fluid:
Refrigerant vapor pressure at the evaporator outlet P.

Refrigerant vapor temperature at the evaporator outlet 7>.

Liquid refrigerant pressure at the refrigerant control device inlet P,.
Liquid refrigerant temperature at the refrigerant control device inlet 7.
Ambient air temperature surrounding the calorimeter 7.

Two-phase fluid temperature entering the calorimeter 7;.

Two-phase fluid pressure in the calorimeter Ps;.

Two-phase fluid temperature exiting the calorimeter 7.

Two-phase fluid mass flow rate m;.

Surface temperature of the pressure vessel 7.

Total input power to the UUT, if required by the test plan in Section 5.1.

Fo o0 a0 o

e

8.4 Heat Leakage. The heat leakage to the surroundings for each calorimeter shall be measured once, and
the results shall be applied to all subsequent refrigerant flow rate measurements. The heat leakage shall be
less than 5% of the heat input to the calorimeter.

(Informative Note: Additional insulation is needed if the heat leakage exceeds 5% of the heat input to the
calorimeter.)

8.4.1 Heat leakage of the calorimeter shall be determined by circulating the heating medium through
the outer circuit of the calorimeter when there is no load other than heat leakage. This heat leakage test
measures the heat leakage out of the calorimeter, but the leakage into the calorimeter equals the leakage
out of the compressor if the temperatures used in this heat leakage test are reversed. For this calorimeter
method, the heat leakage is into the calorimeter because the evaporator temperature is less than the
ambient temperature during mass flow rate testing.

8.4.1.1 If single-phase liquid is used, the temperature difference between single-phase liquid entering
and exiting the calorimeter shall be not less than 14°C (25°F) above the ambient temperature. The
ambient temperature shall be not more than 32°C (90°F) and shall be stable within +£0.6°C (£1°F) during
the test. The test shall be continued until four successive single-phase liquid inlet and outlet
temperatures taken at one-hour intervals show variations not more than +0.1°C (+0.2°F) at constant
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flow rates.

8.4.1.2 If two-phase fluid is used as the heating medium, heat leakage of the calorimeter shall be
determined by collecting and weighing the two-phase fluid condensate from the heating medium circuit.
The two-phase fluid pressure shall be within +4 kPa (0.5 psia) at the selected pressure. The ambient
temperature shall be not more than 32°C (90°F) and shall be stable within +0.6°C (+1°F) during the
test. The two-phase fluid superheat shall be not less than 4.4°C (8°F). The test shall be continued until
four successive readings of condensate weight taken at not less than one-hour intervals are within 1%
of each other.

The heat leakage coefficient shall be determined using Equation 8-1 for a single-phase liquid, and from
Equation 8-2 for a two-phase fluid:

_ My cp(Tw1—Twz)
va = [0.5(Tw1+Tw2)—Tal (8-1)

— ms(hs4_h52) _
UA - (Tc_Ta) (8 2)

where
UA = heat leakage coefficient, kW/°C ((Btu/(h-°F))
m,,= single-phase liquid mass flow rate, kg/s (Ibm/h)
my= two-phase fluid mass flow rate, kg/s (Ibm/h)
¢, = single-phase liquid constant pressure specific heat at the average temperature,
(Twi + Tw2)/2, kl/kg-°C (Btu/(Ibyn-°F))
hss = two-phase fluid enthalpy entering the calorimeter, kJ/kg (Btu/lbm)
hs>=two-phase fluid enthalpy exiting the calorimeter, kJ/kg (Btu/lbm)
T.= ambient temperature surrounding the calorimeter, °C (°F)
T, = surface temperature of the pressure vessel if two-phase fluid is used, °C (°F)
T.; = single-phase liquid temperature entering the calorimeter, °C (°F)
T2 = single-phase liquid temperature exiting the calorimeter, °C (°F)

8.4.3 Heat leakage measured at each test point during subsequent calorimeter tests shall be determined
using Equation 8-3 for a single-phase liquid, and using Equation 8-4 for a two-phase fluid:

Qq = UA[0.5(Ty1 + Tw2) — Ta] (8-3)
Qq = UA(TC - Ta) (3-4)

where
Q. = calorimeter heat leakage, kW (Btu/h)
UA = heat leakage coefficient, kW/°C ((Btu/(h-°F))
T,= ambient temperature surrounding the calorimeter, °C (°F)
T.= mean surface temperature of the pressure vessel if a two-phase fluid is used, °C (°F)
T..; = single-phase liquid temperature entering the calorimeter, °C (°F)
T.,>= single-phase liquid temperature exiting the calorimeter, °C (°F)

8.5 Preparations
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8.5.1 A sampling port shall be provided for extracting samples of liquid refrigerant and circulating
lubricant for use in determining lubricant circulation rates if required by Section 5.6.

8.5.2 The refrigerant system shall be leak tested. Use a vacuum pump to evacuate the refrigerant system
to a pressure less than 26.7 Pa (200 microns). After achieving this vacuum, close valves to isolate the
refrigerant system from the vacuum pump for not less than 15 minutes. During that time, the pressure
shall not be greater than 28.7 Pa (215 microns) unless otherwise specified in the test plan.

8.5.3 If the refrigerant system is not pre-charged with lubricant, install the lubricant charge as prescribed
by the UUT manufacturer, and then evacuate the system to less than 26.7 Pa (200 microns) unless
otherwise specified in the test plan. Then charge the system with the specified refrigerant type and the
quantity of refrigerant required for calorimeter testing.

8.6 Operating Procedures

8.6.1 Vary the refrigerant control to set the calorimeter outlet pressure P> in compliance with the test
plan in Section 5.1.

8.6.2 Vary the heat input to the calorimeter to regulate the refrigerant vapor temperature exiting the
calorimeter 7> to achieve the superheat in specified in the test plan in Section 5.1.

8.6.3 Vary the condenser cooling flow rate or temperature to set the pressure entering the refrigerant
control device P, specified in the test plan in Section 5.1.

8.6.4 Set the subcooling specified in the test plan in Section 5.1.

8.6.5 Lubricant circulation rate measurements, if required by Section 5-5 5.6 shall be made using the
procedures defined in Section 11.

8.7 Test Condition Tolerances during Data Recording

8.7.1 The mean of pressures P> and Py shall be maintained within £1% of the pressures specified in the
test plan.

8.7.2 Temperature 7> shall be maintained within +£1°C (£2°F) of the temperature specified in the test
plan.

8.7.3 The refrigerant vapor exiting the calorimeter shall have not less than 2.8°C (5°F) of superheat.

8.7.4 The refrigerant liquid entering the refrigerant control device shall have not less than 5.6°C (10°F)
of subcooling and shall be maintained within £0.6°C (+1°F) during the test.

8.7.5 Variations in the ambient air temperature surrounding the calorimeter shall be limited to within
+4°C (£7°F).

8.8 Calculations. Refrigerant mass flow rates measured using the secondary fluid method shall be
calculated using Equation 8-5 for a single-phase liquid, and using Equation 8-5 for a two-phase fluid:
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_ M€ (Tw1—Tw2)—Qq
(hz—hy)

(8-5)

_ [y —(hss—hs2)—Qql
(hy—hy)

(8-6)

where:

m = refrigerant mass flow rate, kg/s (Ibm/h)

= two-phase fluid mass flow rate, kg/s (Ibm/h)

m,,= single-phase fluid mass flow rate, kg/s (Ibw/h)

¢ = single-phase liquid constant pressure specific heat at the average temperature, (T,; + Tu2)/2,
kJ/kg- °C (Btu/ (Ibm - °F))

hss = two-phase fluid enthalpy entering the calorimeter, kJ/kg (Btu/lbm)

hs; = two-phase fluid enthalpy exiting the calorimeter, kJ/kg (Btu/lb,)

hy4 = refrigerant liquid enthalpy entering the refrigerant control device, kJ/kg (Btu/lby,)

h>= refrigerant vapor enthalpy exiting the calorimeter, kJ/kg (Btu/lbm)

T..= single-phase liquid temperature entering the calorimeter, °C (°F)

T2 = single-phase liquid temperature exiting the calorimeter, °C (°F)

Q.= calorimeter heat leakage, kW (Btu/h)

8.9 Post-Test Refrigerant Mass Flow Rate Measurement Uncertainty. Post-test measurement
uncertainty in the refrigerant mass flow rate measurement shall be estimated using the procedures
prescribed in Section 12 if required by the test plan in Section 5.1.

9. PRIMARY REFRIGERANT CALORIMETER METHOD

9.1 Equipment Description. The primary refrigerant calorimeter method, shown schematically in Figure
9-1, consists of an arrangement of refrigerant tubes or tubular vessels designed to evaporate the refrigerant
flow. Heat input shall be provided by an electric heating device appropriate to the evaporator configuration.
A refrigerant control device that serves as a flow restriction shall be included in the calorimeter.

(Informative Notes:
1. The refrigerant control device and the refrigerant line to the calorimeter should be insulated.
2. Section 9.4 requires the heat leakage from the calorimeter to be less than 5%.
3. Temperature sensors should be shielded from circulating air as described in Informative Appendix

E)
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Figure 9-1: Primary Refrigerant Calorimeter Method
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9.2 Calorimeter Safety Features. The calorimeter shall be equipped with a safety switch that will stop the
flow of heat input and a spring-actuated or rupture-disk type pressure relief valve. The pressure settings for
the safety switch and the pressure relief valve shall be determined by the test equipment manufacturer, and
the safety switch setting shall be set to open at 85% of the pressure relief valve.

9.3 Test Data. Test data to be recorded at each steady-state test condition in compliance with Section 5.7:
a. Refrigerant vapor pressure at the evaporator outlet P-.

Refrigerant vapor temperature at the evaporator outlet 7>.

Liquid refrigerant pressure entering the refrigerant control device P.
Liquid refrigerant temperature entering the refrigerant control device 7.
Ambient air temperature surrounding calorimeter 7.

Calorimeter heat input Op.

Surface temperature of the pressure vessel 7.

Total input power to the UUT if required by the test plan in Section 5.1.

FG o0 a0 o

9.4 Heat Leakage. The heat leakage to the surroundings for each calorimeter shall be measured once and
the results shall be applied to all subsequent refrigerant flow rate measurements. The heat leakage shall be
less than 5% of the heat input to the calorimeter.

(Informative Note: Additional insulation is needed if the heat leakage exceeds 5% of the heat input to the
calorimeter.)

9.4.1 Heat leakage of a primary refrigerant calorimeter shall be determined as follows:

a. The ambient temperature around the calorimeter shall not exceed 49°C (120°F) and shall be stable
during the test.

b. With no refrigerant circulating, the heat input to the refrigerant shall be set to control the surface
temperature 7 to not less than 14°C (25°F) above ambient temperature and shall be stable within
+0.6°C (+1°F) during the test.

c. Surface temperature readings shall be recorded at one-hour intervals until four successive saturated
temperature readings are within £0.6°C (£1°F).
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d. This heat leakage test measures the heat leakage out of the calorimeter, but the leakage into the
calorimeter equals the leakage out of the compressor if the temperatures used in this heat leakage
test are reversed. For this calorimeter method, the heat leakage is into the calorimeter because the
evaporator temperature is less than the ambient temperature during mass flow rate testing.

9.4.2 The heat leakage coefficient shall be determined using Equation 9-1:

UA %a (9-1)

T Ts-To)

where
Q. = calorimeter heat leakage, W (Btu/h)
UA = heat leakage coefficient, W/°C (Btu/h-°F)
T, = surface temperature, °C (°F)
T, = ambient temperature surrounding the calorimeter, °C (°F)

9.4.3 Heat leakage measured at each test point during subsequent calorimeter tests shall be determined
using Equation 9-2:

Qq = UA(Ts — Tp) (9-2)
Where

Q. = calorimeter heat leakage, W (Btu/h)
UA = heat leakage coefficient obtained from Equation 9-1, W/°C (Btu/h-°F)
T; = surface temperature, °C (°F)
T, = ambient temperature around the calorimeter, °C (°F)
9.5 Preparations

9.5.1 A sampling port shall be provided for extracting samples of liquid refrigerant and circulating
lubricant for use in determining lubricant circulation rates if required by Section 5.6.

9.5.2 The refrigerant system shall be leak tested. Use a vacuum pump to evacuate the refrigerant system
to a pressure less than 26.7 Pa (200 microns). After achieving this vacuum, close valves to isolate the
refrigerant system from the vacuum pump for not less than 15 minutes. During that time, the pressure
shall not be greater than 28.7 Pa (215 microns) unless otherwise specified in the test plan.

9.5.3 If the refrigerant system is not pre-charged with lubricant, install the lubricant charge as prescribed
by the UUT manufacturer, and then evacuate the system to less than 26.7 Pa (200 microns) unless
otherwise specified in the test plan. Then charge the system with the specified refrigerant type and the
quantity of refrigerant required for calorimeter testing.

9.6 Operating Procedures

9.6.1 Vary the refrigerant control to set the calorimeter outlet pressure P specified in the test plan in
Section 5.1.

9.6.2 Vary the heat input to the calorimeter to regulate the refrigerant vapor temperature exiting the
calorimeter 7> to achieve the superheat specified in the test plan in Section 5.1.
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9.6.3 Vary the condenser cooling flow rate or temperature to set the pressure entering the refrigerant
control device P, specified in the test plan in Section 5.1.

9.6.4 Set the subcooling specified in the test plan in Section 5.1.

9.6.5 Lubricant circulation rate measurements, if required by Section 5.6, shall be made using the
procedures defined in Section 11.

9.7 Test Condition Tolerances during Data Recording

9.7.1 The mean of pressures P, and P, shall be maintained within +1% of the pressures specified in the
test plan.

9.7.2 Temperature 7> shall be maintained within £1°C (£2°F) of the temperature specified in the test
plan.

9.7.3 The refrigerant vapor exiting the calorimeter shall have not less than 2.8 °C (5°F) of superheat.

9.7.4 The liquid entering the refrigerant control device shall have not less than 2.8°C (10 °F) of
subcooling and be maintained within £0.6 °C (£1°F).

9.7.5 Variations in the ambient air temperature surrounding the calorimeter shall be limited to within
+4°C (£7°F).

9.8 Calculations. Refrigerant mass flow rates measured using the primary refrigerant calorimeter method
shall be calculated using Equation 9-3:
_ (QntQq)

m= (ha—hy)

(9-3)
where

m refrigerant mass flow rate, kg/s (Ibw/h)

O» = measured heat input to the calorimeter, kW (Btu/h)

Q. = calorimeter heat leakage obtained from Equation 9-2, kW (Btu/h)

h, = refrigerant vapor enthalpy exiting the calorimeter, kJ/kg (Btu/lbm)

hy4= refrigerant liquid enthalpy entering the refrigerant control device, kJ/kg (Btu/lby,)

9.9 Post-Test Refrigerant Mass Flow Rate Measurement Uncertainty. Post-test measurement
uncertainty in the refrigerant mass flow rate measurement shall be estimated using the procedures
prescribed in Section 12 if required by the test plan in Section 5.1.

10. CONDENSER CALORIMETER METHOD

10.1 Equipment Description. The condenser calorimeter method, shown schematically in Figure 10-1,
consists of a heat exchanger that is cooled by a single-phase liquid with known transport properties and
capable of condensing superheated refrigerant vapor and producing subcooled refrigerant liquid.

(Informative Notes:

1. Water is an example of a single-phase liquid with known transport properties.
2. The refrigerant lines entering and exiting the calorimeter should be insulated.
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3. Section 10.4 requires the heat leakage from the calorimeter to be less than 5%.
4. Temperature sensors should be shielded from circulating air as described in Informative Appendix
E)
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Figure 10-1: Condenser Calorimeter Method
10.2 Calorimeter Safety Features. The calorimeter shall be equipped with a safety switch that will stop
the flow of heat into the refrigerant and a spring-actuated or rupture-disk type pressure relief valve. The
pressure settings for the safety switch and the pressure relief valve shall be determined by the test equipment
manufacturer and the safety switch setting shall be set to open at 85% of the pressure relief valve.

10.3 Test Data. Test data to be recorded at each steady-state test condition in compliance with Section 5.6:
Refrigerant vapor pressure entering the condenser Ps.

Refrigerant vapor temperature entering the condenser 73.
Pressure of the liquid refrigerant exiting the condenser Py.
Liquid refrigerant temperature exiting the condenser 7%.
Single-phase liquid temperature entering the condenser 7,;.
Single-phase liquid temperature exiting the condenser Ty,..
Ambient temperature surrounding the calorimeter 7.

PR Mmoo ao ow

Single-phase liquid mass flow rate m,,,.
Surface temperature of the pressure vessel 7.
j-  Total input power to the UUT if required by the test plan in Section 5.1.

—

10.4 Heat Leakage. The heat leakage to the surroundings for each calorimeter shall be measured once, and
the results shall be applied to all subsequent refrigerant flow rate measurements. The heat leakage shall be
less than 5% of the heat input to the calorimeter.

(Informative Note: Additional insulation is needed if the heat leakage exceeds 5% of the heat input to the
calorimeter.)
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Heat leakage shall be determined using Equation 10-1:

Qa = UA(T: = Tg) (10-1)

where

Q. = calorimeter heat leakage, kW (Btu/h)

A = outside surface area of the condenser, m? (ft?)

L. U= condenser-to-air heat transfer coefficient: &, U= 10 W/(m?-°C) [Btu/(h-ft>- °F)]
T. = surface temperature of the pressure vessel, °C (°F)

T, ambient temperature, °C (° F)

10.5 Preparations

10.5.1 A sampling port shall be provided for extracting samples of liquid refrigerant and circulating
lubricant for use in determining lubricant circulation rates if required by Section 5.6.

10.5.2 The refrigerant system shall be leak tested. Use a vacuum pump to evacuate the refrigerant
system to a pressure less than 26.7 Pa (200 microns). After achieving this vacuum, close valves to
isolate the refrigerant system from the vacuum pump for not less than 15 minutes. During that time, the
pressure shall not be greater than 28.7 Pa (215 microns) unless otherwise specified in the test plan.
10.5.3 If the refrigerant system is not pre-charged with lubricant, install the lubricant charge as
prescribed by the UUT manufacturer, and then evacuate the system to less than 26.7 Pa (200 microns)
unless otherwise specified in the test plan. Then charge the system with the specified refrigerant type
and the quantity of refrigerant required for calorimeter testing.

10.6 Operating Procedures

10.6.1 Vary the refrigerant control device to set the condenser outlet pressure P, specified in the test
plan in Section 5.1.

10.6.2 Vary the heat output from the condenser to regulate the refrigerant liquid temperature exiting
the condenser 74 to achieve the subcooling specified in the test plan in Section 5.1.

10.6.3 Set the pressure entering the condenser P; specified in the test plan in Section 5.1.

10.6.4 Lubricant circulation rate measurements, if required by Section 55 5.6 shall be made using the
procedures defined in Section 11.

10.7 Test Condition Tolerances during Data Recording

10.7.1 The mean of pressures P; and P, shall be maintained within +1% of the pressures specified in
the test plan.

10.7.2 Temperature 7, shall be maintained within £1°C (£2° F) of the temperature specified in the test
plan.
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10.7.3 The liquid entering the refrigerant control device shall have not less than 6°C (10°F) of
subcooling and be maintained within £0.6 °C (+1°F).

10.7.4 Variations in the ambient air temperature surrounding the calorimeter shall be limited to within
+4°C (£7°F).

10.8 Refrigerant Mass Flow Rate Calculations. The refrigerant mass flow rate measured using the
condenser calorimeter method shall be calculated using Equation 10-2:

_ My Cp (Tw2—Tw1)+Qq

(hz—hy) (16-2)
where
m = refrigerant mass flow rate, kg/s (Ibm/h)
m,,= single-phase liquid mass flow rate, kg/s (Ibw/h)
¢, = constant pressure specific heat of single-phase liquid at the average temperature, (#,; + ¢
w2)/2, kl/(kg- °C), (Btu/(Ibym- °F))
T = single-phase liquid temperature entering the calorimeter, °C (°F)
T2 = single-phase liquid temperature exiting the calorimeter, °C (°F)
Q. = calorimeter heat leakage obtained from Equation 10-1, kW (Btu/h)
hs; = refrigerant vapor enthalpy entering the calorimeter, kJ/kg (Btu/lb)

hy = refrigerant liquid enthalpy exiting the calorimeter, kJ/kg (Btu/lb)
10.9 Post-Test Refrigerant Mass Flow Rate Measurement Uncertainty. Post-test measurement
uncertainty in the refrigerant mass flow rate measurement shall be estimated using the procedures
prescribed in Section 12 if required by the test plan in Section 5.1.
11. LUBRICANT CIRCULATION RATE MEASUREMENTS

11.1 Symbols. Table 11-1 defines the symbols used in Section 11.

Symbol Description SI Units I-P Units
C. Lubricant circulation rate through the calorimeter, % dimensionless
Cq Lubricant circulation rate through the lubricant separator, % dimensionless

Csuue  Lubricant circulation rate through the UUT, % dimensionless
m,  Lubricant mass flow rate through the calorimeter kg/s 1bm/h
myg Lubricant mass flow rate through the auxiliary separator kg/s Ibm/h
1y, Total lubricant mass flow rate kg/s Ibm/h
m,..  Refrigerant mass flow rate through the calorimeter kg/s Ibm/h
m,,  Refrigerant mass flow rate through the auxiliary separator kg/s Ibm/h
m,;  Total refrigerant mass flow rate kg/s 1bm/h
i, Total refrigerant/lubricant mass flow rate through the auxiliary ke/s Iby/h

separator

Table 11-1 Symbols Used in Section 11
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11.2 Lubricant Circulation Rate Measurement without an Auxiliary Lubricant Separator

11.2.2 Measure the refrigerant mass flow rate through the calorimeter 7i1,.. using one of the calorimeter
test methods in Sections 7 thorough 10 if required by the test plan in Section 5.1.

11.2.3 Apply the procedures prescribed in ANSI/ASHRAE 41.47 to determine the lubricant circulation
rate through the calorimeter C.. Refer to Section 5.7 for sample port requirements.

11.3 Lubricant Circulation Rate Measurement with an Auxiliary Lubricant Separator

11.3.1 Figure 11-1 is a schematic of the auxiliary lubricant separator.

Flow to the

Flow from Calorimeter
the UUT — Auxiliary —, . e
. e i 14 Ok o 4 )
My My Lubricant re e
Separator
Flow Returned to
the UUT after the
D —— :

Calorimeter

My1s=Mys TMy,

Figure 11-1: Auxiliary Lubricant Separator Schematic

11.3.2 Measure the refrigerant mass flow rate through the calorimeter m,.. using one of the calorimeter
test methods described in Sections 7 thorough 10.

11.3.3 Apply the procedures in ANSI/ASHRAE 41.47 to determine the lubricant circulation rate
through the calorimeter C.. Refer to Section 5.7 for sample port requirements.

myc

C. X 100 percent (11-1)

- (et M)
(Informative Note: Equations 11-2 through 11-12 define the procedure for deriving Equation 11-13,

the equation that users will apply to calculate the lubricant circulation rate when an auxiliary
separator is added to the unit under test (UUT).)

11.3.4 Measure the total refrigerant plus lubricant mass flow rate through the auxiliary lubricant
separator m,;; using a liquid flowmeter mass flow rate method in ANSI/ASHRAE Standard 41.8® with
an accuracy not greater than +1% of the rate.

11.3.5 Apply the procedures in ANSI/ASHRAE Standard 41.47 to determine the lubricant circulation
rate through the auxiliary lubricant separator C;. Refer to Section 5.7 for sample port requirements.
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Co=—"1 % 100 percent 11-2

s (mrs+mls) p ( )
11.3.6 From the conservation of mass, the refrigerant plus lubricant mass flow rate through the auxiliary
lubricant separator 7, is equal to the sum of the refrigerant mass flow rate through the auxiliary
lubricant separator m,; and the lubricant mass flow rate through the auxiliary lubricant separator m; as

stated in Equation 11-3.
Myps = Mys + Mg (11-3)

11.3.7 Equation 11-4 is an expression for the refrigerant mass flow rate through the auxiliary lubricant
separator M, that is obtained from Equation 11-2.

Tys = Ty (1:5) (11-4)

11.3.8 Equation 11-5, the refrigerant mass flow rate through the auxiliary lubricant separator 1, is
obtained by substituting Equation 11-4 into Equation 11-3

My = mrls(l - Cs) (11-5)

11.3.9 Equation 11-6, the refrigerant mass flow rate through the auxiliary lubricant separator m;g is
obtained by substituting Equation 11-5 into Equation 11-3.

My = CsMygs (11-6)
11.3.10 From the conservation of mass, the total lubricant mass flow rate 7i1;; is equal to the sum of the
lubricant mass flow rate through the calorimeter 71, and the lubricant mass flow rate through the
auxiliary lubricant separator m;.

My = Mye + My (11-7)

11.3.11 An expression for the lubricant mass flow rate through the calorimeter m,. is obtained from
Equation 11-1.
, . Cc
e = e (725) (11-8)

11.3.12 Equation 11-9, the total lubricant mass flow rate m;; is obtained by substituting Equation 11-8
and Equation 11-6 into Equation 11-7.

) ) o )
My = My (1__Cc) + Csmyys (11-9)

11.3.13 From the conservation of mass, the total refrigerant mass flow rate 1, is equal to the sum of
the refrigerant mass flow rate through the calorimeter 71,.. and the refrigerant mass flow rate through
the auxiliary lubricant separator 7.

My = My + Nyg (11-10)

11.3.14 Equation 11-11 is obtained by substituting Equation 11-5 into Equation 11-10.
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Myy = My + mrls(l - Cs) (11-11)

11.3.15 The lubricant circulation rate for the UUT is provided in Equation 11-1.

m
Coput = m x 100 percent (11-12)

11.3.16 Equation 11-13 is obtained by substituting Equation 11-9 and Equation 11-11 into Equation
11-12.

. C .
mrc(ﬁ)"'csmrls
. C .
mrc<1+ (1_Ec)>+mrls

12. UNCERTAINTY REQUIREMENTS

X 100 percent (11-13)

suut —

12.1 Post-Test Uncertainty Analysis. If required by the test plan in Section 5.1, a post-test analysis of the
measurement uncertainty, performed in accordance with ASME PTC 19.1!, shall accompany each
refrigerant mass flow measurement. Alternatively, if specified in the test plan, the worst-case uncertainty
for all test points shall be estimated and reported for each test point.

(Informative Note: This procedure is illustrated in the uncertainty examples provided in Informative
Appendices B, C, and D.)

12.2 Method to Express Uncertainty. All assumptions, parameters, and calculations used in estimating
uncertainty shall be clearly documented prior to expressing any uncertainty values. Uncertainty shall be
expressed as:

v=Xnt Uz (P%)
where
v = the variable that is a measurement or a calculated result
Xm = the best estimate of the true value
Uz = the uncertainty estimate for the variable
P = the confidence level, %
(Informative Note: For example: refrigerant mass flow rate = 2.538 kg/s + 0.013 kg/s (5.595 Ibw/s + 0.029

1bm/s); 95% states that the measured refrigerant mass flow is believed to be 2.538 kg/s (5.595 lbw/s) with a
95% probability that the true value lies within + 0.013 kg/s (+ 0.029 Iby/s) of this value.)

13. TEST REPORT
If the test plan in Section 5.1 defines the test report requirements, the test report requirements in the test

plan supersedes all of the requirements in Section 13. Otherwise, Section 13 specifies the test report
requirements.

27



BSR/ASHRAE Standard 41.9-2021R, Standard Methods for Refrigerant Mass Flow Measurements Using
Calorimeters
First Public Review Draft

13.1 Test Identification
a. Date, place and time.
b. Operator.

13.2 Unit Under Test Description
a. Model number and serial number.
b. Refrigerant number per ANSI/ASHRAE Standard 15*.
c. Source of refrigerant thermodynamic property data.
d. Lubricant identification and quantity.

13.3 Calorimeter Description and Instrument Descriptions
Calorimeter type.

Model number and serial number.

Operating range classification.

Instrument accuracy based on specifications or calibration.
Documentational evidence of instrument calibrations.

oo o

13.4 Measurement System Description
a. Description of instrument installation specifics.
b. Measurement system accuracy based on specifications or calibration.
c¢. Documentational evidence of calibration in accordance with Section 6.

13.5 Test Conditions
a. Test conditions in accordance with the test plan in Section 5.1
b. Ambient temperature, °C (°F).
c. Barometric pressure Pa, (psia) if pressures instruments are measuring gauge pressure.

13.6 Test Results
a. Refrigerant mass flow rate, kg/s (Ibm/h).
b. Compressor input power, W (W), if required by the test plan in Section 5.1.
c.  Uncertainty in refrigerant mass flow rate, kg/s (Ibw/h).
d. Lubricant circulation rate through the calorimeter, percent by mass.

14. REFERENCES

1. ASME PTC 19.1-2018, Test Uncertainty. ASME, New York, NY.

2. NIST Standard Reference Database 23: NIST Reference Fluid Thermodynamic and Transport Properties
Database (REFPROP) Version 10. National Institute of Standards and Technology, Gaithersburg, MD.

3. ANSI/ASHRAE Standard 41.11-2023, Standard Methods for Power Measurement. Atlanta: ASHRAE.
See Note 1.

4. ANSI/ASHRAE Standard 15-2022, Safety Standard for Refrigeration Systems, and Designation and
Safety Classification of Refrigerants. Atlanta: ASHRAE.

5 ANSI/ASHRAE Standard 41.1-2024, Standard Methods for Temperature Measurement. Atlanta:
ASHRAE.

6 ANSI/ASHRAE Standard 41.3-2021, Standard Methods for Pressure Measurement. Atlanta: ASHRAE.
7. ANSI/ASHRAE Standard 41.4-2015, Standard Methods for Measurement of Proportion for Lubricant
in Liquid Refrigerant, Atlanta: ASHRAE. See Note 2.

8. ANSI/ASHRAE Standard 41.8-2024, Standard Methods for Liquid Flow Measurement. Atlanta:
ASHRAE. See Note 3.
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(Informative Notes:
1. Reference 3 is only required if compressor input power measurements are required in the test plan

in Section 5.1.

2. Reference 7 is only required if lubricant concentration measurements are required.

3. Reference 8 is only required (a) if liquid coolant mass flow rate measurements are required by the
test plan, or (b) if an auxiliary lubricant separator is used.)
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(This appendix is not part of this standard. It is merely informative and does not contain
requirements necessary for conformance to the standard. It has not been processed according to the
ANSI requirements for a standard and may contain material that has not been subject to public
review or a consensus process. Unresolved objectors on informative material are not offered the
right to appeal at ASHRAE or ANSI.)

INFORMATIVE APPENDIX A
INFORMATIVE REFERENCES AND BIBLIOGRAPHY

Al Kelley, Jeffrey D., and Hedengren, John D., “A Steady-State Detection (SSD) Algorithm to Detect
Non-Stationary Drifts in Processes,” BYU Scholars Archive, 2013.

A2 Miller, Steven J., “The Method of Least Squares,” Brown University, 2006.
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(This appendix is not part of this standard. It is merely informative and does not contain
requirements necessary for conformance to the standard. It has not been processed according to the
ANSI requirements for a standard and may contain material that has not been subject to public
review or a consensus process. Unresolved objectors on informative material are not offered the
right to appeal at ASHRAE or ANSI.)

INFORMATIVE APPENDIX B
FRAMEWORK FOR UNCERTAINTY ANALYSIS FOR A PRIMARY REFRIGERANT
CALORIMETER AND A SECONDARY FLUID REFRIGERANT CALORIMETER

This example uses ASME PTC 19.1% to establish a framework for estimating the systematic standard
uncertainty b,- of the refrigerant mass flow for a primary refrigerant calorimeter that uses an electrical heat
source and for a secondary fluid calorimeter that uses a liquid or vapor heat source. Where the result R is a
function of independent parameters. For this example, b, = Am and R = m. The parameter descriptions
for this example are shown in Table B-1.

Table B-1 Parameter Description for this Example

Parameter | Description Units

m Refrigerant mass flow rate kg/h (Ibw/h)

Qn Measured calorimeter heat input kW (Btu/h)

Q, Calorimeter heat leakage kW (Btu/h)

P, Pressure of refrigerant vapor at calorimeter outlet kPa (psia)

T, Temperature of refrigerant vapor at calorimeter outlet °C (°F)
Temperature of liquid refrigerant entering the refrigerant o o

Ty control device C (P
Enthalpy of liquid refrigerant entering the refrigerant

hy control device kl/kg (Btu/Tom)
Enthalpy of enthalpy of refrigerant vapor exiting the

h, calorimeter kl/kg (Btu/Tom)

The independent parameters are found by starting with the energy equation for an evaporative-type
calorimeter:

Qc = m(hz - h4)
solve for m:
L
(hy — hy)
where:
Qc = Qh + Qa
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generally:

m = f(Qn Qo P2, T2, Ts)

Contribution of each parameter is defined as the systematic standard uncertainty of the parameter A( )
multiplied by the sensitivity coefficient Tm and squared per ASME PTC 19.18,

Applying the uncertainty equation yields:
= [(300 < 22V (00 x ) 4 (80, 2 (a1, 2 (a1, Y |
m = |\A % 50 QX500 2" 9P, 27T, ST

Contributions from the heat input and leakage are derived analytically:

AQy X — om = AQy X = AQn
Qn a0, Cn h,—h, h,—h,
m AQ,
A X—= A X =
Cax g0, = hy "=,

Contributions from the enthalpy terms are dependent on the temperature and pressure and are related by the
chain rule analytically and evaluated numerically.

ari a oh, AP, x oh, AP, x Q. Ah
AP, X —= = AP, X om Iy _ APy xQc Oy APy xQc e
aP, dhy 0P,  (hy—hy)? 0P, (hy —hy)? AP, T

om ok, _ AT, x oh, AT,x Q. Ah
AT, X — = AT, X m Ihz Z—ch—2= 2XQ 21p
aT, Ohy, 9T,  (hy—ha)? 9T,  (hy —hs)? AT, ™

m om0k, AT,x Q. dh, AT,xQ. Ah
ATy X G = Al X G X o = Thy —hy)2 < 3T, — (hy — hy)2 < AT, 1P+

Substituting back into the uncertainty equation:

211/2
AQh ( AQq )2 (APZXQC Ahy )2 (ATZXQC Ahy )2 (Anxoc Ahy )
am = [ K hna) T oo ap, 11) Gz ¥ oy 1) 4 G * ar, I
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TABLE B-2 Uncertainty Parameter Description for this Example

Parameter | Description Units
Am Refrigerant mass flow rate kg/s (Ibw/h)
AQ, Measured calorimeter heat input kW (Btu/h)
AQ, Calorimeter heat leakage kW (Btu/h)
AP, Pressure of refrigerant vapor at calorimeter outlet kPa (psia)
AT, Temperature of refrigerant vapor at calorimeter outlet °C (°F)
Temperature of liquid refrigerant entering the refrigerant control | C (°F)
AT, device
Ah, Sensitivity of the refrigerant vapor enthalpy exiting the kJ/kg-kPa
A_PZ |7, calorimeter with respect to pressure at constant temperature T, (Btu/lbm-psia)
Ah, Sensitivity of the refrigerant vapor enthalpy exiting the kJ/kg-°C
A_Tz I, calorimeter with respect to temperature at constant pressure P, (Btu/lbm-°F)
AR Sensitivity of the refrigerant liquid enthalpy entering the 1/ke-°C
i Ip, refrigerant control device with respect to temperature at (Bt uf/;lb °F)
AT, constant pressure P, "
Comments

1. The uncertainties in the measured values Q., P,, T,, and T, must be estimated for the instrument (or
instrumentation system) used to make the measurements. Normally, the measurement error will have
two components: (1) the systematic or fixed errors which can be eliminated by calibration, and (2) the
random or precision errors associated with the statistical uncertainty of the measurement. The
following guidelines can be used to estimate the uncertainties in the measurements, lacking better
information:

a. The random error can be as much as 50% of the stated instrument accuracy (usually expressed as a
percentage of full scale).

b. Random errors may be associated with the ability to resolve a reading from the instrument. The
random error estimate determined in a measurement shall be compared with the least scale division
for reading the instrument. A good rule-of-thumb is to resolve a reading no better than one half the
least scale division. This value can then be used to estimate the uncertainty of the instrument
reading provided the instrument is accurate enough to make such a measurement.

c. The larger estimate of instrument uncertainty, as determined in items a or b, shall be used in the
estimate of the error propagation for the mass flow determination.
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d. Alternatively, a more rigorous approach to estimating the random errors can be performed using
the statistical methods outlined in ASME PTC 19.1%

2. For a primary refrigerant calorimeter that uses electrical energy as the heat source, the wattage
measurement plus any heat leakage effects are used to determine Q.. In this case, AQy, is estimated as
described in Comment 1. However, for a secondary fluid calorimeter that uses liquid or vapor as a heat
source requires a calculation of Q. based on measurements having uncertainties.

Q. = Tth (T, = Ty)
Ty =T, —T,)
Qc = meTd

Here there are two independent variables, m and 7y; 77, is dependent upon the relationship of m and 7.
Calculation of the uncertainty, AQCP, using the procedure in ASME PTC 19.183 gives:

00:,\ .\ (00’
AQc, = (( am )mm)) * <6Td )

1/2

2 . 2N1/2
AQ., = {(c,,(T2 —T) @) + ((ep x )(T, — T4)) }
where:
cp =  constant pressure specific heat of the fluid, kJ/kg-°C, (Btu/lbm-°F)
T; = temperature difference between exiting secondary fluid and entering secondary fluid, °C (°F)
m = mass flow rate of the secondary fluid, kg/s (Ibm/h)
Am= uncertainty estimate for the mass flow measurement, kg/s, (Ibm/h)
AT = uncertainty estimate for the temperature measurement, °C (°F)
3. 22| — s illustrated as shown on Figure A-1.
ap, |,

It can easily be derived by inspection from the superheated refrigerant tables.

As can be seen from Figure A-1,
dh,

— S50

0P, 1,

for low values of P but becomes more significant as P approaches the critical pressure.
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the slope of a tangent to the

t= const curverepresents

7 abouta point, £,

cp

9

t = const curve

Pressure

Enthalpy

FIGURE B-1 Refrigerant Pressure-Enthalpy Diagram
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(This appendix is not part of this standard. It is merely informative and does not contain
requirements necessary for conformance to the standard. It has not been processed according to the
ANSI requirements for a standard and may contain material that has not been subject to public
review or a consensus process. Unresolved objectors on informative material are not offered the
right to appeal at ASHRAE or ANSI.)

INFORMATIVE APPENDIX C
EXAMPLE OF UNCERTAINTY ESTIMATE FOR A SECONDARY REFRIGERANT
CALORIMETER

The refrigerant used in this example is R-134a. The refrigerant mass flow rate and uncertainty for this
measurement are computed for the test data provided in Table C-1. Systematic standard uncertainty of a
result is calculated using ASME PTC 19.1 (b,.)!. The accuracies listed in the table were determined by
calibrations using standards traceable to NIST.

Table C-1 Test Data for this Example

Parameter | Parameter Description Value Accuracy
. . 377.4 kPa +0.2%
P, Pressure of refrigerant vapor at calorimeter outlet (54.73 psia) (& 0.2%)
. . 18.4 °C +0.11 °C
7 Temperature of refrigerant vapor at calorimeter outlet (65.1 °F) (02 °F)
Pressure of liquid refrigerant entering the refrigerant 1,442 kPa +0.2%
Py control device (206.2 psia) (+0.2%)
Temperature of liquid refrigerant entering the refrigerant 40.8 °C +0.28 °C
T4 control device (105.5 °F) (0.5 °F)
Heat input into calorimeter 36 kW = 0.5%
On P (122,832 Btu/h) | (+ 0.5%)
. 1 kW +0.2%
0. Calorimeter heat leakage (3,412 Btu/h) @ 0.2%)

The refrigerant mass flow for a secondary refrigerant calorimeter is given by:

_ @
(hy — hy)
where:
Qc = (Qh + Qa)
and:

Qq = AUL(T: — Ty)

The refrigerant properties were obtained from REFPROP?. The condensing temperature corresponding to
P, is 53°C (127.5°F). Consequently, the subcooling was 12.2°C (22°F) which satisfies the subcooling
requirement [at least 5.6°C (10°F)].
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Similarly, the evaporating temperature corresponding to P is 7.2°C (45°F). Consequently, the superheating
was 11.2°C (20.1°F) which satisfies the superheating requirement [at least 2.8°C (5°F

for:
Btu
Q.= (Qn+Q,) =37 kW(126,244T)
then:
) Q. 37 kW kg kg by,
= = = (.238—= = 856.0 — (1887 —=
M=, —h, 1556k /kg s n ¢ n
and

m = f(Qn, Qq P2, T2, T4)

Applying the uncertainty equation in ASME PTC 19.1' yields:

= {8005 ) (300 %2 4 (8, ¢ ) 4 (a7 5 ) (a7, ¢ 2)
m = |\A % 50 QX500 2" 9P, 27T, ST

which leads to:

1/2

.1 agn \? (AQa )2 (APZXQC Ah, )2 (ATZXQC Ah, )2 (Anch Ahy )2
A = [(hz—h4 + ha—hy + (hy—h4)? X AP, |T2 + (hy—h4)? X AT, |P2 + (hz—h4)? % ATy |P4

The enthalpy data for this example were obtained from REFPROP’:
a. The enthalpy at the evaporator calorimeter outlet h, is 264.5 kJ/kg (113.78 Btu/lbm)

b. The enthalpy of the liquid refrigerant entering the refrigerant control device h, is 108.9 kJ/kg (44.87
BtU/lbm)
c. The enthalpy difference (h, — hy,) is 155.6 kJ/kg (66.91 Btu/lby,)

For this example, assume random errors are 50% of the stated instrument accuracy. For the uncertainties
in the heat input and the heat leakage, the precision error was assumed to be 50% of the total error.

AQy = (36)(+0.5%)(0.5) = + 0.09 kW (+ 3073_:‘)

Btu
AQq = (D(% 02)(0.5) =+ 0.001 kW (£ 3.4——)

AP, = (377.4)(+ 0.2%)(0.5) = + 0.377 kPa (+ 0.0547 psia)
AT, = + 0.11°C (+ 0.2 °F)

AT, = +0.28 °C (+ 0.5 °F)
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Sensitivities for the enthalpies were determined at = 0.6°C (= 1°F) of the actual temperature at constant
pressure and solved numerically.

Ah, (264.49 — 264.72) kJ [ Btu
= =—-0.017 ———— [-0.050 —]
AP, T, (384.26 — 370.47) kg — kPa | lb,, — psia
Ah, (265.16 — 264.14) kIl 0 Btu
= = —0.927 —0.220 —]
AT, P, (189 —17.8) kg—-°C 1l lb,, — °F
Ah, (109.86 — 108.18) kIl T u
| = = 1.527 0.360 —]
AT, P (41.4 — 40.3) kg —-°C L lb,, — °F

Substituting these values into the refrigerant mass flow uncertainty equation gives:

1/2
. (100972 |, [0.001]% | [(=0.377)(37)(=0.017)]* | [(—0.11)(37)(=0.927)]% , [(0.28)(37)(1.527)]?
Arh = {[155.6] [155.6] [ 155.62 ] + 155.62 ] + [ 155.62

A =[(3.35X 1077) + (413 x 10711) + (9.59 x 10711) + (2.4 x 1078) + (4.27 x 1077)]*/2

k9

, Cos B kg Ib
Mt = (7.86 X 1077)°% = 8.86 X 107> = 3.19~=(7.033—)

which is 0.37% of the calculated refrigerant mass flow rate. Consequently, the result is:
i kg lb
Am = 855.8 + 3.197 (1887 £ 7.033 E)

and the actual refrigerant mass flow rate has a 95% certainty of being between 852.61 and 858.99 kg/h
(1880.0 and 1894.0 1bn/h).

Looking at the uncertainty contribution of each term in the A equation by dividing each by the total:

t _ (335x107)° 100 = 42.62
Qn term = (o e 10-7)05 - e

similarly:
Q, term = 0.005%
P, term = 0.01%
T, term = 3.05%
T, term = 54.32%

It is apparent that most of the error results from the heat input measurement, Q, and the liquid refrigerant
temperature measurement, T,. If the T, error was reduced to match the T, error + 0.11°C (+ 0.2°F), the
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uncertainty in the refrigerant mass flow rate would be reduced from #3.19 kg/h (+7.033 Ibyw/h) to
+2.344 kg/h (£5.169 1bw/h), which can also be expressed as a reduction from £0.37% to +£0.27%.

Similarly, if the uncertainty in the heat input measurement was reduced to £0.25% in addition to replacing

the T, sensor with one as precise as the T, sensor, the uncertainty in the refrigerant mass flow rate would
be reduced to +1.50 kg/h (£3.306 lby /h) or £0.18%.
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(This appendix is not part of this standard. It is merely informative and does not contain
requirements necessary for conformance to the standard. It has not been processed according to the
ANSI requirements for a standard and may contain material that has not been subject to public
review or a consensus process. Unresolved objectors on informative material are not offered the
right to appeal at ASHRAE or ANSI.)

INFORMATIVE APPENDIX D
EXAMPLE OF UNCERTAINTY ESTIMATE FOR A CONDENSER CALORIMETER

In this example, a condenser calorimeter is used to provide a confirming mass flow measurement for the
test in Informative Appendix B. The refrigerant used in this example is R-134a. The refrigerant mass flow
rate and uncertainty for this measurement are computed for the test data and measurement accuracies
provided in Table D-1.

Table D-1 Test Data for this Example

Parameter | Description Value Accuracies
P; Pressure of refrigerant vapor at calorimeter inlet (12’1,97?31(533) ?181622 Skpl))s?a)
T; Temperature of refrigerant vapor at calorimeter inlet (717 7(1);C0F) 2:00258 :FC)

P, Pressure of refrigerant liquid at calorimeter outlet (12"(‘)?7?11(533) ?181622 Skpl))s?a)
Ty Temperature of refrigerant liquid at calorimeter outlet ?11(')2;21:) 2:00258 :FC)
Ty Temperature of water entering the calorimeter ?{? 3').77OOCF) 2:00258 :FC)
T Temperature of water exiting the calorimeter §81 é‘.‘;g:) 2100258 :1%
m,, Mass flow rate of water entering the calorimeter (1342”7;’?011%/1 E/h) ZEI ;127411%/11111/}1)
Oa Heat leakage determined for the calorimeter ?73 94 8‘% tw/h) ? 4?)NB twh)

The accuracies listed in the table were determined by calibrations using standards traceable to NIST as
described in Section 6. However, three additional cases are shown, each resulting in improved uncertainty
of mass flow measurement.

D1. BASELINE CASE. The refrigerant mass flow for a condenser calorimeter is determined from
Equation (10-2):

_ My Cp (Tw1—Tw2)+Qq
(h3—hys)

(10-2)

where
m = refrigerant mass flow rate, kg/s (Ibm/h)
m,,= single-phase liquid mass flow rate, kg/s (Ibn/h)
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¢, = constant pressure specific heat of single-phase liquid at the average temperature, (#,; + ¢
w2)/2, kl/(kg- °C), (Btu/(Ibm- °F))

T.; = single-phase liquid temperature entering the calorimeter, °C (°F)

T2 = single-phase liquid temperature exiting the calorimeter, °C (°F)

Q. = calorimeter heat leakage, kW (Btu/h)
hs refrigerant vapor enthalpy entering the calorimeter, kJ/kg (Btu/lbn)
hy = refrigerant liquid enthalpy exiting the calorimeter, kJ/kg (Btu/lb)

The refrigerant properties were obtained from a commercial equation-solver computer program that uses
REFPROP? as its source. The condensing temperature corresponding to the values p, and #, is 53.2°C
(127.7 °F). Consequently, the liquid subcooling was 11.8°C (21.2°F) ¢which satisfies the subcooling
requirement [at least 5.6°C (10°F)].

Similarly, the condensing temperature corresponding to the values of P; and 73 is 55.2°C (131.3°F).
Consequently, the inlet superheating was 21.9°C (39.5°F) which satisfies the superheating requirement [at
least 2.8°C (5°F)].

The enthalpies for the condenser calorimeter inlet and outlet for this example were:
h3=303.5 kJ/kg (130.5 Btu/lbn)
hs=110.3 kJ/kg (47.41 Btu/lby)
s0:
(hs —hy) =193.2 kJ/kg (83.05 Btu/lb)
From Equation 10-2, the refrigerant mass flow rate is

~ [(14728) x (4.183) x (31.4 — 28.7) + (0.234) x (3600)
m=
193.2

or:
1= 865.4 kg/h (1908 Iba/h)

With the assumption that ¢, is constant in our range of interest, applying the uncertainty equation from
ASME PTC 19.1! yields:
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. 2 . 2
Arit = Aancp (TWZ - Twl)] + [ATWZ (mwcp)] [ATwl (mwcp) [ AQa ]

- (hs = hy) (hs = h4) (hs = hy) —hy

_ 2 _
_APS (mwcp (TWZ wl) + Qa) (ah3> _AT3 (mwcp (TWZ wl) + Qa) (
(h3 - h4)2 (h3 - h4)2

ahg) 2

- _ 12,05
_AP4-(mep (TWZ wl) + Qa) (ah4) _AT4-(mep (TWZ wl) + Qa) (ah4)

(hs = hy)? (hs = hy)?

The uncertainties for the enthalpy values are dependent on pressure and temperature measurements p3, ¢,
and #,, as follows:

dohy _ (303.467 — 303.455)
0Psl,_ 0  (1498.0 — 1498.69)
= -0.0171 kl/kg-kPa
= - 0.0506 Btu/(Ibm-psia)
dhy _ (303.467 — 303.531)
0Tslp_yy,,  (77.10 = 77.16)
= 1.142 kl/kg-°C
= 0.273 Btu/(Ibn-°F)
Oh, (11028 —110.28)
0Pyl 10es (1428.0 — 1428.69)
= -0.0002 kJ/kg-kPa
= -0.0006 Btu/(1by-°F)
6h4| _ (110.28 —110.37)
0Tyl p_ner, (4140 — 41.46)

= 1.499 kJ/kg-°C
0.358 Btu/(Ibn-°F)

Substituting these values into the refrigerant mass flow uncertainty equation gives:

Arin= {[(147) (4.183) (2.7)/(193.2)]?
+ [(0.28) (14,728) (4.183)/(193.2)]?
+ [(0.28) (14,728) (4.183)/(193.2)]?
+ [(0.012) (3600)/(193.2)]?
+ [(-8.62) (157,664) (-0.0171)/(193.2)*]?
+ [(-0.28) (157,664) (1.142)/(193.2)*?
+[(-8.62) (157,664) (-0.0002)/(193.2)*]2
+[(0.28) (157,664) (1.499)/(193.2)2}05
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Am=(73.85+ 7,972 + 7,972 + 0.050
+0.388 +1.824 + 0 + 3.143)%3

A= (16,023)%° = 126.6 kg/h (276.9 Ibw/h)
which is 14.5% of the calculated refrigerant mass flow rate. Consequently, the result is:
m = 865.6 + 126.6 kg/h (1,908 £ 276.9 1bn/h)

The uncertainty contribution of each term in the A equation is determined by dividing each by the total
amount. The results are shown in Table C-1 below:

TABLE D-1 Uncertainty contribution of each term in the Arin equation for the baseline case

Variable £+ Uncertainty Partial Derivative % of Uncertainty
m,, = 14728 + 147 kg/h (32470 + 324 lbw/h) ;me = 0.05846 0.47%
P; = 1499 + 8.7 kPa (217.3 + 1.25 psia) Z_Z: =1.161 0.00%
P, = 1428 +£ 8.7 kPa (207.1 £ 1.25 psia) Z—Z =-0.01337 0.00%
Qq =234 +12 W (798.4 + 40 Btu/h) gg; =0.01204 0.00%
T3 =77.1+£0.3°C(170.8 £0.5 °F) Z—;z =-6.266 0.01%
T, =41.4+0.3°C(106.5+0.5°F) Z—Z =8.223 0.02%
Tw1 =28.7£0.3°C (83.66 + 0.5 °F) aaTT‘:ll =-390.06 49.75%
Tyo =31.4+£0.3°C (88.52+0.5°F) aaTT‘:: = 390.06 49.75%

D2. SECOND CASE. With the original instrumentation, most of the uncertainty (99.5%) occurs as a result
of the precision of the temperature sensors for the condenser calorimeter water inlet and outlet
measurements. Changing the precision of these two devices to £0.06°C (+0.1°F) will reduce the uncertainty
in the refrigerant mass flow rate to 26.6 kg/h (58.65 1b/h) or 3.1% of the mass flow rate.

To reduce this further, the water mass flow rate can be decreased which increases the water's temperature
rise through the calorimeter. If the mass flow is decreased to 3,683 kg/h (8,120 lbw/h), the mass flow
meter’s accuracy changes to an absolute 36.8 kg/h (81 lbw/h) because its accuracy is 1% of reading. The
temperature difference increases to 10.9°C (19.6°F) resulting in a calculated uncertainty of 10.91 kg/h

(24.1 Ib/h) or % 1.3%.

The resulting uncertainty contribution of each term is provided in Table D-2:

TABLE D-2 Uncertainty contribution of each term in the A7in equation for the second case

Variable = Uncertainty Partial Derivative % of Uncertainty
m,, = 3683 £ 37 kg/h (8120 + 81 lbw/h) ;Tm = 0.2238 62.00%
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P, = 1499 + 8.7 kPa (217.3 + 1.25 psia) %ﬂ = 1.162 0.36%
P, = 1428 + 8.7 kPa (207.1 + 1.25 psia) ‘;Ti” =-0.01337 0.00%
Qq = 234 + 12 W (798.4 + 40 Btu/h) :;” =0.01204 0.04%
T, = 77.1 £0.3°C (170.8 = 0.5 °F) ZT’” = -6.267 1.70%
T, =41.4+0.3°C (106.5 + 0.5 °F) ng =8.225 2.92%
Ty = 28.7% 0.3 °C (83.66 + 0.1 °F) ;’T’V’V‘ = -97.69 16.49%
Tyz = 39.7+0.05°C (103.1 = 0.1 °F) a"’Tz =97.66 16.48%

D3. THIRD CASE. With revised instrumentation precision and a slightly different operating procedure,
the major contributor to the total uncertainty is now the water mass flow meter. Changing this meter to one
with a precision of £0.2% of reading [0.2% of 3,683 kg/h (8,120 lbw/h)] yields a calculated uncertainty for
the refrigerant mass flow rate of +6.94 kg/h (+15.3 Ibw/h) or 0.80% with the resulting uncertainty
contribution of each term provided in Table D-3:

TABLE D-3 Uncertainty contribution of each term in the Amn equation for the third case

Variable = Uncertainty Partial Derivative % of Uncertainty
m,, = 3683 £ 7.37 kg/h (8120 + 16.24 Ibw/h) :me = 0.2238 6.16%
P; = 1499 + 8.7 kPa (217.3 £ 1.25 psia) Z—Z =1.162 0.36%
P, = 1428 +£ 8.7 kPa (207.1 £ 1.25 psia) Z—Z =-0.01337 0.00%
Qq =234 +12 W (798.4 + 40 Btu/h) :g; = 0.01204 0.04%
T3 =77.1+£0.3°C(170.8 £0.5 °F) Z—Z =-6.267 1.70%
T, =414+ 0.3°C (106.5 + 0.5 °F) Z—Z =8.225 2.92%
Ty1 =28.7£0.3°C (83.66+0.1 °F) 6?:1 =-97.69 40.73%
Twe = 39.7£0.05°C (103.1 £ 0.1 °F) aaTT‘:: = 97.66 40.71%

Now, the majority of the error is again associated with the condenser calorimeter inlet and outlet water
temperature measurement devices. Since these devices have already been replaced with ones of greater
accuracy, this result can be little improved. The combined standard uncertainty has a 70% certainty of
being between 859 and 872 kg/h (1,893 and 1,923 lbw/h). If the combined standard uncertainty of
(£6.94 kg/h) £15.31 1bw/h is multiplied by a factor of 2, the measured refrigerant mass flow measurement
has a 95% certainty of being between 851 kg/h and 880 kg/h (1,877 and 1,939 lbw/h) using statistical
methods explained in ASME PTC 19.1!, which compares favorably with the results in Appendix B.
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(This appendix is not part of this standard. It is merely informative and does not contain
requirements necessary for conformance to the standard. It has not been processed according to the
ANSI requirements for a standard and may contain material that has not been subject to public
review or a consensus process. Unresolved objectors on informative material are not offered the
right to appeal at ASHRAE or ANSI.)

INFORMATIVE APPENDIX E:
SOURCES OF TEMPERATURE MEASUREMENT ERROR

Sources of temperature measurement error should be addressed with regard to the sensor type, usage,
location, and mounting requirements based on the test plan requirements for test plan accuracy and
uncertainty.

Sources of measurement error include:
a. Sensor probe stem effect

Optimum sensor operating temperature accuracy range
Poor thermal conductivity of mounting method

Lead wire thermal conductivity

External radiation effects

Self-heating of the sensor element

Sensor reaction time constants

Sensor calibration procedure

oo a0 o

—

Thermal gradient.
Thermal gradient effects from the temperature differential of the measured value and the

surrounding ambient temperature should be addressed by insulating the temperature probe with a material
supplying no less than R4.5.
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